Introduction
The relatively simple, quasi-one-dimensional nature of diffusion flames in lamanar stagnation-point flows has encouraged analyses [1] [2] [3] [4] [5] [6] [7] [8] [9] of that system. Motivated by the importance of flame radiation to fire safety [10] , the present study extends previous work [8, 11] to the opposed flow diffusion flame apparatus, where proper determination of material properties from experimental data requires quantification of the net radiative effect on heat transfer at the pyrolyzing surface.
In this combustion system a stream of oxidizer approaches the stagnation point on a condensed fuel surface and reacts with pyrolyzed fuel in a thin diffusion flame within a constant thickness boundary layer, The fuel surface is assumed gray and diffuse and the gas is considered spectrally gray. Only the pyrolysis region is considered.
Analyses
The present mathematical formulation builds ,on previous non-radiative analJses [.7, 9J and hence is slightly abbreviated. Let x and y denote orthogonal spatial coordinates tangential and normal to the fuel surface respectively. The continuity, momentum, species and energy equations are, in turn, a K a (pvx K ) (pux ) + -= 0 ax ay (1 a) au au a au du co pu -+ pv = -(lJ ay) + p u --ax ay ay co co dx (1 b) aY. ay. aY. used in non-radiating, stagnation-point flow combustion are again employed. Assuming constant Pr, pDand p~, the transformed.momentum, species and energy-species equations become, respectively,
in which primes denote differentiation with respect to n, and
RPr
h ) w is a dimensionless radiant heat flux gradient. Assuming uniform molecular weight across the boundary layer in an ideal gas equation
The boundary conditions £0;1;" tb~ t]:"ans.;i;o:r;'ll!e.d e.quations a;l;"e. 19..J f' (0) = 0
.
while the remaining boundary condition on f will come 7 as usual, ~rom a surface energy balance.
Species and temperature fields are obtained by imposing the flame-sheet approximation:
w e e .
, while in which constant c p is assumed in the temperature expressions.
The fuel and energy balances a·t the pyrolyzing surface again yield the dimensionless pyrolysis rate, -f(O), and the mass fraction of fuel at the surface, -f{O) ( 8) .' 
Radiation Approximations
For an absorbing-emitting, non-scattering medium adjacent to a gray diffuse surface, the radiant heat flux and incident energy per unit area are, respectively [12] ,
and where b w denotes the fuel surface radiosi ty. 1. is the local optical depth of the gas given by 1 -fY ady (10) o in which a is the absorption coefficient of the gas, and Ek(T) is the kth exponential integral.
It is clear that evaluation of the exponential integrals in the dimensionless heat flux gradient, R, and the pyrolysis rate, -f(O), dem£nds excessive qomputation. Instead. two approximations are used: (1) the exponential ketnel approximation, see Appendix A, and (2) the optically thin limit. Cartesian combustion is analogous to axisymmetric combustion in every respect.
Since the agreement between radiation models is excellent, hereafter t only the simpler, optically thin approximation is discussed. For this system t noo Too= N 1 /N 2 6 edn.:-0,1, hence the error in the optically thin approximation, of order Too' is slight and the error in the combined conduction and radiation heat transfer rate even less.
Under the typical conditions imposed in Fig. 1 , the surface emission exceeds the incoming radiation from the hot gas producing a net radiant heat flux out of the fuel surface. The overall heat transfer rate into the surface thus decreases with radiation and a lower pyrolysis rate is obtained which yields a shorter flame standoff distance and smaller surface fuel concentration.
The flame temperature decreases with the inclusion of radiation since gaseous emission affords a parallel mechanism to conduction for heat loss from the reaction zone. As in a previous study [aJ at fixed pryo1ysis rate, radiative effects produce a flatter temperature distribution. The pressure gradient in stagnation-point flow accelerates the lower density gas near the flame causing the velocity in the boundary layer to exceed the free-stream velocity.
Since the flame temperature is lower with radiation, a weaker density variation results which produces less velocity overshoot. radiation from the surface, q "/aT 4 , versus conduction/radiation parameter, rw 00 N l , in both geometries. For the parameters specified, in spite of a substantial variation in wall radiation, the pyrolysis rate is nearly independent of Nl over this small range. As Nl increases, the flame radiation into the surface increases (4" decreases) which increases slightly the pyrolysis rate. The and combustion ceases. With radiation, however, Y fw depends on all eight parameters and must be calculated simultaneously with the other dependent variables. Radiation causes combustion to cease more readily, i.e~, Y fw vanishes at higher B,since for the parameters specified here, the total heat transfer rate to the surface decreases when radiation is added. The unburned fraction of total pyrolyzate tends to increase as r decreases and B increases. The radiating flow produces slightly less excess pyrolyzate than the non-radiating flow, i,e., the effect of radiation is to make the flow appear as a non-radiating flow at a higher r and lower B.
....
. . Again, the pyrolysis rate is lower with radiation due to a net efflux of radiation at the surface, As noted previously [9] , both pyrolysis rate and excess Conduction is reduced due to lowered flame temperatures when radiation is introduced as a parallel path for heat transfer from the flame to the surface.
Conduction is also reduced by blowing whenever the pyrolysis rate is increased due to a net increase in heat transfer to the surface.
In the future as data on optical properties of stagnation-point flames become available, the approximation of a constant absorption coefficient should be replaced with a non-uniform a based on measured distributions of soot Eqs. (7, A5, A7 and A9) with q~ = n-2 dg" /d-r. to be
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